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Edited by Robert BaroukiAbstract In rodent brown adipose tissue, the b-adrenergic sig-
naling is believed, by an action on PGC-1a, to control UCP1
expression and mitochondriogenesis. We addressed this hypothe-
sis using b1/b2/b3-adrenoceptor knockout (b-less) brown adipo-
cytes in primary culture. In these cells: (a) proliferation and
diﬀerentiation into multilocular cells were normal; (b) UCP1
mRNA expression was dramatically decreased (by 93%),
whereas PGC-1a and mtTFA mRNA expressions were not; (c)
UCP1, PGC-1a and COX IV protein expressions were de-
creased by 97%, 62% and 22%, respectively. Altogether the data
show a dissociation between the control of UCP1, which is
mostly b-adrenoceptor-dependent and that of PGC-1a and of
mitochondriogenesis which are not.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Brown adipocytes1. Introduction
Uncoupling protein-1 (UCP1), the main eﬀector of thermo-
genesis in rodents is speciﬁcally expressed in the inner mem-
brane of brown adipose tissue (BAT) mitochondria and acts
as an uncoupler of oxidative phosphorylation. BAT thermo-
genesis in rodents, which plays an important role in the main-
tenance of body temperature and energy balance [1,2], is
controlled by the sympathetic nervous system (SNS). A stimu-
lation of the latter induces proliferation and diﬀerentiation of
precursors cells, hypertrophy of mature brown adipocytes,
stimulation of UCP1 activity and expression as well as mito-
chondriogenesis [3].
It is generally admitted that the b-adrenergic signalling is the
major, maybe the only, pathway controlling BAT thermo-
genesis [4–8].
It has been shown that the administration of the peroxisome
proliferator-activated receptor-c (PPARc) agonist pioglitaz-
one increases UCP1 expression in mouse BAT [9]. The tran-
scriptional activity of PPARc on UCP1 promoter is greatly*Corresponding author. Fax: +41 22 379 55 43.
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doi:10.1016/j.febslet.2006.07.037increased by the PPARc coactivator-1a (PGC-1a) [10]. This
latter also plays a key role in mitochondriogenesis, by turning
on the mitochondrial transcription factor A (mtTFA), an acti-
vator of mitochondrial DNA replication and transcription
[11,12]. PGC-1a is strongly induced at the transcriptional level
in BAT by activation of the SNS, via the b3-adrenoceptor
pathway [10,13]. It has even been proposed that a major por-
tion of the b-adrenergic induction of UCP1 is mediated by the
induction of PGC-1a [14].
Most of the UCP1 regulatory pathways described in vivo
have also been found to be operative in brown adipocyte pri-
mary cultures. Norepinephrine was found to stimulate brown
adipocyte proliferation via the b1-adrenoceptor and UCP1
expression via the b3-adrenoceptor [15,16] but the greatest
simulation of UCP1 expression was obtained, in immortal-
ized brown adipocytes, by stimulating all three b-adrenocep-
tor subtypes simultaneously [17]. The control of PGC-1a
expression by the b-adrenergic system was found to involve,
in brown adipocyte primary cultures, the cAMP-dependent
activation of p38 mitogen-activated protein kinase (MAPK)
[18].
In 2002, b1/b2/b3-adrenoceptor knockout (b-less) mouse
models were generated. The b-less mice exhibited normophagic
obesity and cold-intolerance and their interscapular BAT dis-
played a white adipocyte phenotype [19,20]. Surprisingly, in
mice maintained at 24 C, i.e. at a temperature slightly below
thermoneutrality, the level of expression of BAT UCP1 protein
was found to be similar in both genotypes [20]. This observa-
tion challenged the idea that the b-adrenoceptor signalling
pathway is an absolute requirement for BAT UCP1 expres-
sion. To understand this paradox, the eﬀects of the lack of
b-adrenoceptors on the main players of the b-adrenergic re-
sponse UCP1, PGC-1a and mitochondriogenesis were com-
pared in the BAT and in brown adipocyte primary cultures
of wild type (WT) and b-less mice.2. Materials and methods
2.1. Animals
Animals were treated in accordance with the Centre Me´dical Uni-
versitaire (Gene`ve) institutional guidelines. b-less and WT strains were
obtained as previously described [20]. They were housed individually
and kept on a 12 h light–dark cycle in a temperature-controlled room
at 24 C. They were allowed ad libitum access to water and a standard
laboratory chow.blished by Elsevier B.V. All rights reserved.
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The interscapular BATs of 4–6-week-old WT or b-less male mice
were excised and their precursor cells isolated and cultured according
to Champigny et al. [21], except that, from the second day on, 1 lM
of the b3-adrenoceptor agonist CL 316243 was added to the culture
medium. Experiments were performed on 7–8-day-old fully diﬀerenti-
ated brown adipocytes.2.3. Quantitative real time PCR
BAT or cell RNAs were prepared by the Trizol technique (TRI-
ZOL Reagent, Invitrogen, Carlsbad, CA) or using the kit Nucleo-
Spin RNAII (Clontech, Palo Alto, CA), respectively. Oligo-dT
primed ﬁrst strand cDNA were synthesized using the Superscript II
RNase H Reverse Transcription kit (Invitrogen) and real-time PCR
was performed using ABI rapid thermal cycler system and a SYBR
Green PCR master mix. Cyclophilin A was used as a control to ac-
count for any variations due to the eﬃciencies of the reverse transcrip-
tion and PCR. UCP1 oligonucleotide primers used were: upstream
5 0-CGATGTCCATGTACACCAAGGA-3 0 and downstream 5 0-
TTGTGGCTTCTTTTCTGCGA-3 0, covering the nucleotides 996–
1063 of UCP1 cDNA (GenBank accession number NM_009463).
PGC-1a primers used were: upstream 5 0-GCTTTGAAGTTTTTGGT-
GAAATTGA-3 0 and downstream 5 0-GCTATGGTTTCATCACC-
TACCGT-30, nucleotides 2163–2245 (NM_008904). mtTFA primers
used were: upstream 5 0-GCTTCCAGGAGGCAAAGGAT-3 0 and
downstream 5 0-AATGAGGCTTGGAAAAATCTGTCT-3 0, nucleo-
tides 503–576 (NM_009360). Leptin primers used were: upstream
5 0-ATTTCACACACGCAGTCG-30 and downstream 5 0-TTGGACTT-
CATTCCTGGGCT-3 0, nucleotides 192–256 (NM_008493).Cyclophilin
A primers used were: upstream 5 0-CAAATGCTGGACCAAA-
CACAA-3 0 and downstream 5 0-CCATCCAGCCATTCAGTCTTG-
3 0, nucleotides 343–412 (NM_008907). The conditions of PCR were a
step at 50 C for 2 min followed by a denaturing step at 95 C for
10 min and by 50 cycles at 95 C for 15 s and 60 C for 1 min. The
upstream and downstream oligonucleotide primers were chosen on
both sides of an intron to prevent ampliﬁcation of possible contaminat-
ing genomic DNA.2.4. Western blots
The BAT or the cells were dissolved in 1 ml of RIPA buﬀer (150 mM
NaCl, 1% Nonidet P-40, 0.5% Na deoxycholate, 0.1% SDS and 50 mM
Tris–HCl, pH 8.0) with a polytron. The Western blots were performed
as previously described [22]. Primary antibodies were: a 1/5000 diluted
sheep anti-mouse UCP1 polyclonal antibody, generously provided by
Dr. D. Ricquier (Meudon, France), a 1/5000 rabbit anti-mouse
PGC-1a polyclonal antibody (Chemicon International, Inc., Teme-
cula, CA), a 1/2500 mouse anti-bovine COX IV monoclonal antibody
(Molecular Probes, Eugene, OR), a 1/2000 rabbit anti-mouse Phospho-
4E-BP1 polyclonal antibody (Cell Signaling Technology, Inc., Dan-
vers, MA) and a 1/5000 mouse anti-mouse glyceraldehyde phosphate0
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Fig. 1. UCP1, PGC-1a, mtTFA and leptin mRNA expressions in the BAT o
RT-PCR results are the means ± S.E.M. of arbitrary values normalized using
the WT controls. n = 6, * P < 0.05, ** P < 0.01 and *** P < 0.005 between gedehydrogenase (GAPDH) monoclonal antibody (Chemicon Interna-
tional, Inc.). Secondary peroxidase-labelled antibodies were: a 1/5000
goat anti-sheep antibody, a 1/5000 goat anti-rabbit antibody (both
from Sigma-Aldrich, St. Louis, MO) and a 1/5000 goat anti-mouse
antibody (Bio-Rad, Hercules, CA). The signals were detected by
chemiluminescence using a standard ECL kit and developed on a
Hyperﬁlm ECL ﬁlm. They were quantiﬁed by scanning photodensi-
tometry using ImageQuant Software 3.3 (Molecular Dynamics, Sunny-
vale, CA).
2.5. Lipolysis
Glycerol release was measured, as an index of lipolysis, by ﬂuorim-
etry according to the technique of Wieland (Bergmeyer H.U. Metho-
den der enzymatischen Analyse) at an excitation k of 340 nm and at
an emission k of 460 nm. The quantity of NADH formed is equal to
that of glycerol present in the medium.
2.6. Statistical analysis
Data are expressed as means ± S.E.M. Signiﬁcance was evaluated
using the unpaired Student’s t-test.3. Results and discussion
We ﬁrst measured the levels of expression of UCP1, PGC-1a
and mtTFA mRNAs in the BAT of WT and b-less mice. As
shown in Fig. 1, a signiﬁcant expression of UCP1 mRNA,
amounting 48% of that in the WT was observed in the b-less
BAT. These results conﬁrmed previous ﬁndings showing that
UCP1 mRNA expression was essentially preserved in b-less
BAT [19,20]. Surprisingly, the expression of PGC-1a mRNA
was similar in both genotypes and that of mtTFA mRNA
was only slightly decreased (by 20%) in the b-less BAT. The
expression of leptin mRNA was increased 2.4-fold in the b-less
BAT. A feedback loop has been described between the hypo-
thalamus and the BAT, which results in an inhibition of leptin
expression when the SNS is activated [23,24]. Therefore, the
upregulation of leptin mRNA is probably the consequence
of the absence of b-adrenergic signalling. It is consistent with
the histological white adipose tissue-like phenotype of the
BAT [20].
It was interesting to compare the patterns of expression of
UCP1 and PGC-1a proteins to that of their respective mRNAs
and to measure the level of expression of COX IV protein, cho-
sen as a mitochondrial marker. Western blot analyses showedmtTFA Leptin
**
*
f WT (empty columns) and b-less (hatched columns) mice. Quantitative
the corresponding cyclophilin values. They are expressed as percent of
notypes.
L. Lehr et al. / FEBS Letters 580 (2006) 4661–4666 4663that the levels of UCP1, PGC-1a and COX IV proteins were
normal in the b-less BAT (Fig. 2).
A cell culture system was used to analyse the results ob-
tained in vivo in a controlled environment. The brown adipo-
cyte proliferation and diﬀerentiation media generally used
contain foetal calf serum and therefore non-negligible amounts
of catecholamines. The b-adrenergic antagonists, which are
eﬀective against b1- and b2-adrenoceptors are poor blockers
of the b3-adrenoceptors [25]. It was therefore, until now, not
possible to study how brown adipocytes in culture would be-
have in the absence of b-adrenergic signalling. Surprisingly,
in our conﬂuent 8-day culture, the amount and morphology
of the b-less multilocular cells did not diﬀer from those of their
WT counterparts (Fig. 3). Brown adipocyte proliferation is be-
lieved to be under the control of the b1-adrenoceptor [15,16] by
a mechanism dependent on extracellular signal-regulated ki-
nases (ERKs) [26]. Our results show that, in the absence of
b-adrenergic signalling, there is no detectable diﬀerence in
the time requested for a given number of cells to reach conﬂu-
ence and in the amount of intracellular lipid droplets accumu-
lated after 7–8 days in culture.
To validate our in vitro model, we challenged brown adipo-
cytes in primary culture with the b3-adrenoceptor agonist CL
316243 or norepinephrine (NE). As shown in Fig. 4, the
mRNA expression of UCP1 was greatly increased in the WT0
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Fig. 2. UCP1, PGC-1a and COX IV protein expressions in the BAT of WT (
are the mean ± S.E.M. of arbitrary values normalized using the correspondin
expressed as percent of the WT controls. n = 5.
Fig. 3. Brown adipocytes diﬀerentiated in primary culture from the strom
representative areas of fully diﬀerentiated 8-day-cultured cells. The amount an
of their WT counterparts. Phase contrast; magniﬁcation: 20·.brown adipocytes by CL 316243 or NE (210- and 150-fold,
respectively) but not modiﬁed by these same treatments in
the b-less brown adipocytes, conﬁrming the total absence of
b-adrenergic signalling in the latter cells. The mRNA expres-
sion of PGC1-a was increased to a much lesser extent than that
of UCP1 by CL 316243 in WT brown adipocytes (2.7-fold,
P < 0.005, n = 3) and was not modiﬁed in b-less brown adipo-
cytes. These results are in line with previous reports showing
that the administration of isoproterenol increased PGC-1a
mRNA expression in immortalized brown adipocytes [10,27].
The levels of UCP1 and leptin mRNAs expressed in the WT
brown adipocytes were 21% and 43%, respectively those in the
WT BAT. The levels of PGC-1a and mtTFA mRNA, however
were higher (5.1- and 8.1-fold, respectively) in the WT brown
adipocytes than in the WT BAT (results not shown).
UCP1 mRNA level was dramatically decreased by 93% in b-
less as compared to WT brown adipocytes in culture. The
mRNA levels of PGC-1a and mtTFA were not modiﬁed
whereas that of leptin was increased 5.6-fold in b-less brown
adipocytes (Fig. 5). Therefore, the mRNA expression proﬁle
of our target genes was comparable to that observed in vivo,
except that the decrease in UCP1 and the increase in leptin
mRNA expressions were much more marked and that the
expression of mtTFA was not decreased in b-less brown
adipocytes.-1 COX IVα
empty columns) or b-less (hatched columns) mice. Western blot results
g glyceraldehyde phosphate dehydrogenase (GAPDH) values. They are
a vascular fraction of WT or b-less mouse BAT. The ﬁgures show
d morphology of the b-less multilocular cells does not diﬀer from those
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Fig. 4. Eﬀects of CL 316243 (CL) 1 lM or of norepinephrine (NE)
10 lM on UCP1 mRNA expression in brown adipocyte cultures of
WT (empty columns) and b-less (hatched columns) mice. Control cells
were grown in the absence of CL 316243 whereas treated cells were
exposed to CL 316243 or NE from the second day of culture. The
results are expressed as in Fig. 1. n = 3, *** P < 0.0001 vs. respective
untreated controls.
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was, like the mRNA level, dramatically decreased, by 97%
whereas the PGC-1a and COX IV protein levels were decreased
to a much lesser extent, i.e. by 62% and 22%, respectively in b-
less brown adipocytes (Fig. 6). The b-adrenergic induction of
UCP1 expression has been proposed to be either indirect, i.e.
mediated by the induction of PGC-1a, or direct, i.e. mediated
by an interaction of cAMP with the UCP1 promoter or both
indirect and direct [14]. The observation made in this study of
a much higher dependency on the b-adrenergic system of
UCP1 than of PGC-1a mRNA and protein expressions sug-
gests a non-negligible contribution of the direct pathway in
UCP1 expression. The molecular basis of the direct eﬀect relies0
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Fig. 5. UCP1, PGC-1a, mtTFA and leptin mRNA expressions in brown ad
mice. The results are expressed as in Fig. 1. n = 7–19, ** P < 0.02, *** P < 0.on speciﬁc cAMP response elements (CRE) that have been
described in the upstream enhancer of UCP1 [28]. It cannot
be ruled out, however, that the b-adrenoceptors act through
cAMP-independent mechanisms on UCP1 expression. It has
been recently shown, in brown adipocytes isolated from new-
born WT or PGC-1aKOmice and subsequently immortalized,
that the loss of PGC-1a severely decreased the induction of
UCP1 by dibutyryl-cyclic AMP or isoproterenol [27]. This
observation, which suggests an important contribution of the
indirect pathway in the control of UCP1 expression, is not in
line with the results of our study. The reason of this discrepancy
might be the diﬀerent models of cells used in the two studies.
The observation that the expression of PGC-1a mRNA is
unchanged whereas that of PGC-1a protein is decreased in
b-less as compared to WT brown adipocytes suggested a con-
trol of PGC-1a expression by the b-adrenergic system at the
translation level. The translation inhibitor 4E-BP1, which de-
creases PGC-1a protein expression [29], has been reported to
be down-regulated by the b-adrenergic system [30]. We ob-
served that 4E-BP1 mRNA expression was similar in WT
and b-less brown adipocytes (100 ± 5% and 89 ± 13%, respec-
tively). This result was expected since we have previously
shown that 4E-BP1 mRNA expression was similar in the
BAT of WT and b-less mice [30]. However the inactive form
of 4E-BP1 protein, measured by its phosphorylation state,
was found to be greatly decreased in the b-less as compared
to the WT brown adipocytes (Fig. 6). Therefore the decrease
in PGC-1a translation observed in b-less brown adipocytes
might be due to an increase in 4E-BP1 activity. A stimulation
of the SNS has been shown in the BAT to stimulate, via an in-
crease in PGC-1a expression, mtTFA transcription and mitoc-
hondriogenesis [12]. The observation of this study that mtTFA
mRNA expression and the level of COX IV protein are only
slightly aﬀected, both in vivo and in vitro, by the absence of
b-adrenergic signalling suggest that mitochondriogenesis is
not b-adrenoceptor-dependent.
The lipolytic activity of our brown adipocytes, measured by
glycerol release, was slightly (27%) lower in the b-less than in
the WT brown adipocytes (results not shown). Fatty acid
mobilization has been reported, via an activation of PPARa,
to stimulate mitochondriogenesis in mouse white adipose
tissue [31]. It might therefore be postulated that BAT mitoc-
hondriogenesis, being b-adrenoceptor-independent, is in fact
controlled by the level of NEFAs.mtTFA Leptin
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Fig. 6. UCP1, PGC-1a, COX IV and phosphorylated (P-)4E-BP1 protein expressions in brown adipocyte cultures of WT (empty columns) or b-less
(hatched columns) mice. The results are expressed as in Fig. 2. n = 4, * P < 0.05, *** P < 0.001 between genotypes.
L. Lehr et al. / FEBS Letters 580 (2006) 4661–4666 4665Altogether, our results contradict the generally accepted
notion the b-adrenergic system, by its action on PGC-1a,
controls UCP1 expression [14] and mitochondriogenesis [12].
They show a dissociation between the control of UCP1, which
is mostly b-adrenoceptor-dependent in vitro and those of
PGC-1a and of mitochondriogenesis which are not.
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